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Biglycan and decorin are two closely related proteoglycans whose
protein cores contain leucine-rich repeats flanked by disulfides. We
have previously shown that decorin is dimeric both in solution and in
crystal structures. In this study we determined whether biglycan
dimerizes and investigated the role of dimerization in the folding and
stability of these proteoglycans. We used light scattering to show that
biglycan is dimeric in solution and solved the crystal structure of the
glycoprotein core of biglycan at 3.40-Å resolution. This structure
reveals thatbiglycandimerizes in the samewayasdecorin, i.e.byappo-
sitionof the concave inner surfaces of the leucine-rich repeat domains.
We demonstrate that low concentrations of guanidinium chloride
denature biglycan and decorin but that the denaturation is completely
reversible following removal of the guanidinium chloride, as assessed
by circular dichroism spectroscopy. Furthermore, the rate of refolding
is dependent on protein concentration, demonstrating that it is not a
unimolecular process. Uponheating, decorin shows a single structural
transition at a Tm of 45–46 °C but refolds completely upon cooling to
25 °C.This property of decorin enabledus to showbothby calorimetry
and light scattering that dimer to monomer transition coincided with
unfolding andmonomer to dimer transition coincidedwith refolding;
thus these processes are inextricably linked.We further conclude that
folded monomeric biglycan or decorin cannot exist in solution. This
implies novel interrelated functions for the parallel � sheet faces of
these leucine-rich repeat proteoglycans, including dimerization and
stabilization of protein folding.

The small leucine-rich repeat proteoglycans/proteins (SLRPs)4 are a
family of extracellular matrix molecules characterized by the presence

of tandem leucine-rich repeats (LRRs) flanked by disulfides.Mostmem-
bers of the SLRP family can be divided into three subclasses with Class I
containing decorin, biglycan, and asporin; Class II containing fibro-
modulin, lumican, keratocan, PRELP, and osteoadherin/osteomodulin;
with Class III containing epiphycan/PG-Lb, mimecan/osteoglycin, and
opticin (1). The archetypal SLRP is decorin, which is present in most
connective tissues bound to the surfaces of collagen fibrils in a periodic
array (2). Its functions are believed to include the regulation of the
formation and/or organization of collagen fibrils (2, 3), inhibition of
calcification of soft connective tissues (4), modulation of the activity of
growth factors such as transforming growth factor-� (5), and other
effects on cell proliferation and behavior (6, 7). Decorin contains 329 or
330 (8–10) amino acids and in most species has a single dermatan or
chondroitin sulfate glycosaminoglycan (GAG) attached near the N ter-
minus, at Ser-4 (11), and threeN-linked oligosaccharides attached to the
LRRdomain (12). The protein core of biglycan contains 330 amino acids
and shows 55% sequence identity to decorin. It carries two GAG chains
near the N terminus and two N-linked oligosaccharides (13). Biglycan
was first observed in extracts of mineralized bone (14) and is the most
abundant small proteoglycan in articular cartilage (15) and in fibrocar-
tilages such as the kneemeniscus (16). A role in osteogenesis is indicated
by the phenotype of the biglycan-null male mouse that develops severe
osteoporosis (17). Immunohistochemistry showed biglycan to be pre-
dominantly located close to cell surfaces (18). It has been reported not to
compete with decorin for binding to nascent collagen fibrils (19) or to
bind less strongly (20).
The amino acid sequences of decorin and biglycan include 12 tandem

LRRs averaging 24 residues long (21). LRRs are present in many intra-
cellular, cell-surface, and extracellular proteins and consist of a strongly
conserved core of 11 residues (LXXLXLXXNXI), flanked by more vari-
able sequences (22). The LRR domains of the SLRPs are flanked by
clusters of cysteines, four on the N-terminal side and two (usually) on
the C-terminal side. These cysteines form disulfides that have been
shown to be required for the biological activity of decorin (23) and
fibromodulin (16), because reduction abolishes collagen binding.
Wehave previously shown that decorin and theClass III SLRPopticin

form stable dimers in solution and that this dimerization is mediated
through interactions between the LRR domains (24, 25). The decorin
dimerization data were initially criticized on the grounds that the
proteoglycan had been lyophilized during purification and that this
could have caused nonspecific aggregation (26), but we subsequently
showed that recombinant decorin that had neither been lyophilized
nor exposed to denaturant was entirely dimeric (27). We also solved
the crystal structures of both tissue-extracted and recombinant decorin,
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which showed them to be virtually identical, demonstrating dimeriza-
tion through highly specific interactions between the concave surfaces
of the apposed LRR domains (27).
Here we show that biglycan forms stable dimers in solution and pres-

ent the biglycan structure obtained by x-ray crystallography. Moreover,
we provide strong evidence that dimerization is essential for the folding
and structural stability of both decorin and biglycan.

EXPERIMENTAL PROCEDURES

Proteoglycans—Bovine skin decorin and bovine articular cartilage
biglycan were isolated and purified as described (24, 28). The purified
proteoglycans and their glycoprotein cores produced by digestion with
chondroitin ABC lyase (EC 4.2.2.4, Seikagaku) or by chondroitin ABC
lyase followed by N-glycosidase F (EC 3.2.2.18, Roche Applied Science)
(12), were examined by gel electrophoresis in 12% polyacrylamide gels
containing 0.1% (w/v) SDS, pH 8.6 (29). The protein cores of both pro-
teoglycan preparations used here were sequenced in their entireties by
Edman degradation (10, 30).

Crystallization of Biglycan—Biglycan was digested with chondroitin
ABC lyase (EC 4.2.2.4, Seikagaku) at 37 °C for 3 h to remove the glyco-
saminoglycan chains (24). Guanidinium chloride (GdnHCl, 2.5 M) was
added to the digestion mixture, and the core glycoprotein was then
isolated by size-exclusion chromatography on a Superose 6TMHR10/30
column (Amersham Biosciences) eluted with 2.5 M GdnHCl in 0.02 M

Tris-HCl/0.15 MNaCl, pH 7.0 (TBS). To the pooled fractions was added
sodium azide, EDTA, and Zwittergent 3-14 (Calbiochem) to final con-
centrations of 0.02% (w/v), 5 mM and 0.01% (w/v), respectively. Protein
was concentrated by ultrafiltration to 5.4 mg/ml, as measured by the
BCA protein assay (31), and refolded by sequential dialysis against 0.5 M

arginine/0.4 mM Zwittergent 3-14/TBS, pH 8.5 (16 h), 0.4 mM Zwitter-
gent 3-14/TBS, pH 8.5 (8 h), and 0.4 mM Zwittergent 3-14/0.02% (w/v)
NaN3, pH 7.5 (16 h). Refolding was assessed by CD spectroscopy, and
the solution molar mass of the protein was measured by size-exclusion
chromatography/multiangle laser light scattering (24). Aliquots of re-
folded protein were diluted to 2.7 mg/ml in 0.4 mM Zwittergent 3-14/
0.02% (w/v) NaN3, pH 7.5. Crystals were grown by vapor diffusion in
hanging drops consisting of 2 �l of protein solution and 2 �l of 0.2 M

triammonium citrate/polyethylene glycol 3350 (20% v/v), pH 7.0, set up
at 20 °C over 1 ml of the same solution. Triangular plate-like crystals,
�150 �m on edge and 15 �m thick, appearing after 2 months, were
flash-cooled to 90 K in cryoprotectant consisting of 30% (w/v) D(�)
glucose in well solution. Reflections were indexed in the space group C2
with unit cell dimensions a � 206.511 Å, b � 110.222 Å, c � 140.625 Å,
� � 90°, � � 116.61°, � � 90° and six biglycanmonomers per asymmetric
unit (Vm � 3.45 Å3/Da, corresponding to a solvent content of 64.32%).

Data Collection and Processing—Data were collected at beamline
8.3.1 at the Advanced Light Source, Lawrence Berkeley National Labo-
ratory, Berkeley, CA. The data were processed and scaled using the
programsMosflm, SCALA, and TRUNCATE, from the CCP4 program
suite, run under the control of the Elves_1.2 automation scripts (32).
Data collection statistics are summarized in Table 1.

Structure Solution and Refinement—The biglycan structure was
solved by molecular replacement with Molrep7.4 (33) from the CCP4
suite, using the 2.15-Å crystal structure of the bovine decorinmonomer
(PDB code 1XKU) (27) as a probe (Rcryst� 49.1% andRfree� 48.6%). The
model was rebuilt into solvent-flattened electron density maps calcu-
lated using RESOLVE in “prime-and-switch” mode (34), and simulated
annealing composite omit maps were calculated using the Crystallogra-
phy and NMR System software package (CNS), version 1.1 (35). XFIT
(36) was used to display maps and to build/rebuild models. Refinement
to 3.4 Å was performed using simulated annealing in CNS to conver-
gence (Rcryst � 30.4% and Rfree � 33.9%). Final refinement was carried
out using REFMAC5.2 (37). Tight NCS restraints were applied during
refinement in bothCNS andREFMAC5.The finalmodel (Rcryst� 25.9%
and Rfree � 29.1%; Table 2) is composed of amino acid residues 25–327
of chains A, B, C and E, residues 25–328 of chain D, residues 25–329 of
chain F, 6 N-acetyl-D-glucosamine residues, and 6 citrate anions. The
refined coordinates have been deposited with the PDB and assigned the
entry code 2FT3.

Circular Dichroism Spectroscopy—Samples of proteoglycanwere dis-
solved in 0.15 M NaCl/0.02 M Tris-HCl, pH 7.0, with and without 2.5 M

GdnHCl, at various protein concentrations. The actual concentrations
were determined by the BCA assay. CD spectra were recorded between
190 and 250 nm on a Jasco J-720 spectropolarimeter. Denaturation
curves were recorded by continuouslymonitoring the ellipticities at 205
nm or 217 nm in Jasco J-20 or J-720 spectropolarimeters. Thermostat-
ted cells of 0.01-, 0.02-, 0.1-, and 1-cm path length were used for these
experiments. Raw data were converted to mean residue ellipticities
using mean residue weights of 110.3 for decorin and 112.2 for biglycan,
respectively, calculated from their amino acid sequences. The kinetics
of refolding of GdnHCl-denatured proteoglycans were followed by
diluting aliquots of 2.5 MGdnHCl solutions into TBS and recording CD
spectra at 2-min (for decorin) or 10-min (for biglycan) intervals, from
250 to 205 nm at a scan rate of 50 nm/min, starting 30 s after dilution.

Differential Scanning Calorimetry—Weighed samples of decorin were
dissolved at�1mg/ml in 0.15MNaCl/0.02MTris-HCl/0.02% (w/v)NaN3,
pH 7.0. Solutions were dialyzed overnight at 4 °C against 250 volumes of
buffer, filtered through 0.45-�m membrane filters (Sartorius) and
degassed for 10 min with stirring under vacuum. The actual concentra-

TABLE 1
Data collection statistics

Wavelength (Å) 1.0
Temperature (K) 90
Resolution range (outer shell) (Å) 22.86–3.40 (3.58–3.40)
No. of observations
Measured 122,151
Unique 40,717

Completeness (%)
Overall 96.5
Last shell 97.7

Rsym
a (%) 35.5

Average I/�I 3.4
aRsym � �h�i�Ii(h) � �I(h)��/�hI(h), where Ii(h) is the ith measurement of the h
reflection and �I(h)� is the average value of the reflection intensity.

TABLE 2
Refinement statistics

Refinement
Resolution range (outer shell) (Å) 22.86–3.40 (3.49–3.40)
Rcryst

a (%) 25.9 (33.0)
Rfree

b (%) 29.1 (37.1)
No. of protein atoms 14,512
No. of other atomsc 162

Stereochemistry
r.m.s.d. for bond lengths (Å) 0.023
r.m.s.d. for bond angles (°) 2.28

Residues in the Ramachandran plot
Most favored region (%) 61.0
Additional allowed regions (%) 37.7
Generously allowed regions (%) 1.3

aRcryst � 100(��Fo� � �Fc�/��Fo�), where Fo and Fc are the structure factor amplitudes
from the data and the model, respectively.

b Rfree is Rcryst with 5% test set of structure factors.
c 84 atoms comprising 6 residues ofN-acetyl-D-glucosamine and 78 atoms compris-
ing 6 citrate ions.
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tions of protein in these solutions were determined by the BCA assay.
A differential scanning microcalorimeter (VP-DSC, MicroCal Inc.,
Northampton, MA) was used in passive (i.e. no feedback) mode with a
filter period of 16 s. Reference scans were performed first with both cells
filled with sample dialysate. Following a pre-scan equilibration period of
15min, the temperature was increased linearly from 25 to 60 °C at a rate
of 0.5 °/min, followed by immediate cooling. Once a reproducible base-
line had been obtained, the buffer in the sample cell was replaced with
the solution of proteoglycan. The scan rate of 0.5 °/min was selected to
give results for the Tm of decorin measured during an up-scan and the
subsequent down-scan at the same rate, differing by�0.5 °C. To test for
refolding of the denatured protein, up-scans were repeated with inter-
mediate cooling at the default maximum rate (�5 °/min). Data were
analyzed using MicroCal OriginTM software. Excess heat capacity
curves obtained with buffer alone were subtracted from those obtained
for decorin solutions.

Gel Chromatography and Light Scattering—Samples dissolved in TBS/
0.02% (w/v) sodium azide were chromatographed on a SuperoseTM 6 HR
10/30 column elutedwith the same buffer. The effluent from this column
was led throughmultiangle laser light scattering (DAWN-F) and refrac-
tive index (Optilab 903) detectors (Wyatt Technologies, Santa Barbara,
CA). ASTRA version 2 software was used to process data. A value for
dn/dc of 0.14 was used for biglycan, calculated from the values of 0.15
and 0.12 previously determined for decorin and dermatan sulfate,
respectively (38), taking into account the higher proportion of GAG in
biglycan. Tomonitor the effect of temperature on themolecular weight,
the buffer pump was stopped just after the material in the main decorin
(dimer) peak had entered the light scattering and refractive index detec-
tors, which were initially at 25 °C. The temperature was then increased
at a rate of 2 °C/min, held at 60 °C for 5min and then decreased at a rate
of 2 °/min. After a further 8 min at 25 °C, buffer flow was resumed.

RESULTS

Fig. 1 shows a comparison by SDS-PAGE of the two proteoglycans
and their core proteins. Intact biglycan migrates more slowly than
decorin, but after removal of the GAG chains by digestion with chon-
droitin ABC lyase (lanes 2 and 5), its glycoprotein core migrates slightly
faster than that of decorin. This behavior is consistent with the presence
of two N-linked oligosaccharides on biglycan, compared with the three
on decorin. Themobilities of the bands generated after further digestion
with N-glycosidase F to remove these oligosaccharides (lanes 3 and 6)
were indistinguishable. For crystallization of biglycan, as for decorin
(27), only the GAG chains were removed, because we had found previ-
ously that removal of N-linked oligosaccharides leads to nonspecific
aggregation and decreased solubility of the core protein of decorin (12).
The asymmetric unit of the biglycan crystal consists of six monomers

organized as three antiparallel dimers, one of which is illustrated in Fig.
2. The dimer interface in biglycan buries a somewhat larger surface area
than that in decorin (2550 Å2 compared with 2300 Å2). Similar to the
structure that we recently solved for decorin (27), the biglycan mono-
mer consists mainly of a right-handed spiral of 12 leucine-rich repeats,
each of which comprises a short �-strand linked by loops, strands, and
short helical segments (Fig. 2A). The�-sheet forming the inner concave
face of the arch-shaped biglycan monomer begins with an anti-parallel
hairpin stabilized by two disulfides. A third disulfide (between residues
285 and 318) connects LRRs 11 and 12 and stabilizes a loop that we have
termed the “ear.” The C� atoms of the biglycan and decorin monomers
can be superimposed with an average r.m.s.d. of 2.9 Å and the dimers
(Fig. 2B) with an r.m.s.d. of 3.2 Å. The �-sheet face of the biglycan
monomer is more tightly curved than in decorin.

The near N-terminal cystine-knot arrangement of disulfides in bigly-
can, connecting Cys-27 to Cys-33 and Cys-31 to Cys-40 (Fig. 2C), is
identical to that in decorin. This disagrees with an earlier conclusion
that Cys-27 was connected to Cys-40, based on sequence analysis (30).
No electron density was observed for residues 1–24 or for residue 330

in any of the 6 molecules of biglycan in the asymmetric unit. These
sequences were also unobserved in the crystal structure of decorin (27)
and are assumed to be conformationally flexible.
At an early stage in the fitting of maps, strong electron density that

could not be accounted for in terms of the known amino acid sequence,
was observed near to the N terminus of each biglycan monomer. This
density was contained within a pocket formed mainly by residues His-
202, His-226, His-247, andAsp-249 of one protomer, partially closed off
from solvent by residues Leu-43, Leu-45, and Lys-46 of the second pro-
tomer. It was initially thought that this electron density might be due to
zinc, in view of reports that biglycan can bind this cation (39). However,
potential electron donor atoms within the pocket are too far away
from the putative metal ion for coordination. The position, discrete
nature, and shape of this electron density are also inconsistent with a
covalently attached sugar residue. A single citrate ion, most probably
derived from the crystallization solution, was eventually fitted at
each location (Fig. 2D).
Comparison between native and GdnHCl (2.5 M) denatured decorin

and biglycan (Fig. 3) shows that denaturation results in complete aboli-
tion of the negative Cotton effect near 217 nm. Changes in CD reflect
alterations only in the secondary structures of the protein cores, because
the GAG chains and N-linked oligosaccharides contribute little to the
spectra (23).
Panels A and B in Fig. 4 show denaturation curves measured for the

two proteoglycans by monitoring the ellipticity at 217 nm as a function
of the concentration ofGdnHCl. Fromplots of�Gversus concentration
of denaturant over the approximately linear portions of the curves
(panels C and D) (40), the net stabilities at 25 °C in the absence of
denaturant are estimated to be �1.57 	 0.04 and �1.92 	 0.16
kcal.mol�1, for decorin and biglycan, respectively. The concentrations
of GdnHCl giving 50% denaturation are 0.753 	 0.008 and 0.954 	
0.154 M, and the slopes are 2.081 	 0.033 and 1.693 	 0.146
kcal.mol�1.M�1, respectively. Samples of decorin and biglycan that had
been dissolved in 2.5 M GdnHCl and then dialyzed against buffer over-
night at 4 °C gave CD spectra that were indistinguishable from those
shown in Fig. 3 for the native proteoglycans. Denaturation byGdnHCl is
therefore completely reversible.
Circular dichroism spectroscopy was used to investigate the kinetics

of refolding following dilution of 2.5 MGdnHCl solutions into TBS. At a
concentration of 2.92 �M denatured decorin (Fig. 5A) refolded com-

FIGURE 1. Comparison by SDS-PAGE of decorin (lanes 1–3) and biglycan (lanes 4 – 6)
with the intact proteoglycans (lanes 1 and 4), the core proteins produced from
them by digestion with chondroitin ABC lyase (lanes 2 and 5), and by chondroitin
ABC lyase followed by N-glycosidase F (lanes 3 and 6). Each lane carries 10 �g of
sample. Gels were stained with Coomassie Blue R250.
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pletely within 2 min. At higher dilution (0.77 �M), refolding was slower.
Biglycan (Fig. 5B) refoldedmore slowly than decorin: at a concentration
of 2.57 �M, refolding appeared to be complete by �40 min. As seen for
decorin, refolding of biglycan was slower at lower concentrations. Pro-
teoglycans at concentrations intermediate between those shown refolded
at intermediate rates (data not shown). Therefore, the rate of refolding of
both the decorin and biglycan was concentration-dependent.
Light scattering was used to measure the molecular weights of the

proteoglycans in TBS initially and after refolding in CD experiments.
Wehave previously published light scattering data for decorin inTBS, in
2.5 MGdnHCl and following dilution from 2.5 MGdnHCl back into TBS
during chromatography (24). As seen for decorin, in 2.5 M GdnHCl
(Fig. 6A) biglycan was monomeric with molar mass of �60 kDa, but
following dilution intoTBS it was recovered as dimer (125.8	 13.0 kDa,
mean 	 1 S.D., 5 independent experiments), even when it had been
diluted to concentrations as low as 0.77 �M.
Thermal denaturation is characterized in the spectropolarimeter by a

decrease in ellipticity at wavelengths below 215 nm (Fig. 7). The dena-
turation curve for decorin (Fig. 7B) shows a single cooperative transition
with a mid-point (Tm) near 46 °C. A similarly progressive decrease in
ellipticity at 205 nm was seen for biglycan at temperatures above 37 °C,
but therewas amarked discontinuity in the denaturation curve (Fig. 7D)
at �50 °C. Consequently, a sigmoid curve could not be fitted to these
data, and Tm could not be estimated. Solutions of biglycan recovered
from the CD cell after thermal denaturation were found by light scat-
tering to containmainly highmolecularweight aggregate. TheCD spec-
trum of biglycan at 60 °C is markedly different from that of decorin,
showing a single minimum at �208 nm. After cooling to 25 °C, heat-
denatured decorin completely recovered its secondary structure (Fig.
7A), but biglycan did not, as evidenced by the broadminimum centered

FIGURE 2. A, schematic representation of the structure of the biglycan monomer. Strands are colored yellow, helices red, and other secondary structures green. B, overlay of C-� atoms
of biglycan (green) and decorin (red) dimers. Structures were overlaid in Xfit (McRee (36)). C, wall-eyed stereo view of calculated electron density (2mFo � DFc, contoured at 1.5 �)
around the near N-terminal disulfide knot in biglycan, showing cysteine residues 27 linked to 33 and 31 linked to 40. D, calculated electron density (2mFo � DFc, contoured at 1.5 �)
around citrate ion, together with the surfaces of nearby residues. Electron densities were calculated using CNS version 1.1 (Brünger et al. (35)). All figures were generated using PYMOL
version 0.97 (pymol.sourceforge.net/).

FIGURE 3. CD spectra for decorin (A) and biglycan (B). Spectra recorded in 0.02 M

Tris/0.15 M NaCl, pH 7.0, at 25 °C in the absence (continuous line) and presence (dotted
line) of 2.5 M GdnHCl.
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around 215 nm (compare the 25 °C profile in Fig. 7Cwith that in Fig. 3B
for native biglycan).
The complete recovery of the secondary structure of decorin follow-

ing heat denaturation under the conditions used here allowed further
thermal denaturation studies to be undertaken. Differential scanning
calorimetry of decorin confirmed a single thermal transition with a
mid-point close to that measured by CD (Fig. 8A). As shown in Fig. 8B,
these calorimetric data closely fit a “two-state” model of the denatur-
ation process only when the protein concentration was calculated
assuming the decorin is dimeric rather than monomeric at the onset of
denaturation. The enthalpy of denaturation estimated from these
four superimposable curves is 123.3 	 1.3 kcal.mol�1 (mean 	 1
S.D.), and the Tm is 45.4 	 0.1 °C. Circular dichroism spectroscopy

confirmed that the decorin regained all its secondary structure on
cooling to 25 °C after thermal denaturation in the calorimeter (the
spectrum was indistinguishable from that shown in Fig. 3), and light
scattering showed this refolded decorin to be dimeric.
The presence of the reducing agent Tris(2-carboxyethyl)phosphine

HCl abolished all refolding of decorin in the calorimeter after the initial
up-scan (Fig. 8C). A further three scans in the presence of Tris(2-car-
boxyethyl)phosphineHCl (not shown) showed no subsequent recovery.
The Tm and enthalpy of denaturation (46.6 °C and 145.4 kcal.mol�1)
measured during the initial up-scan in the presence of reducing agent
were, within experimental error, the same as in its absence, showing that
reduction of disulfides occurs only after denaturation.
Finally, we investigated the effect of denaturation on the molar mass of

decorin by monitoring light scattering intensity as a function of tempera-

FIGURE 4. Denaturation of decorin (A) and bigly-
can (B) by GdnHCl. Ellipticities at 217 nm were
recorded over 5 min at a sampling rate of 1 Hz, and
the data were averaged. Percentage unfolded was
calculated assuming that the protein was com-
pletely native at 0 M GdnHCl and completely
unfolded at 2.5 M. C and D, plots of �G versus dena-
turant concentration for the data in A and B,
respectively.

FIGURE 5. Refolding of GdnHCl-denatured decorin (A) and biglycan (B), monitored
by CD. Protein concentrations (expressed as monomer) were 2.92 �M (squares) and 0.77
�M (triangles) for decorin and 2.57 �M (squares) and 0.83 �M (triangles) for biglycan.

FIGURE 6. Gel chromatography of biglycan with molecular weight determination by
multi-angle laser light scattering. A, biglycan dissolved in 2.5 M GdnHCl/TBS and chro-
matographed in the same buffer. B, biglycan recovered after 20-fold dilution from 2.5 M

GdnHCl into TBS. The solid line shows the refractive index detector signal, and the broken
line shows light scattering intensity. The superimposed (dotted) plots show the molecu-
lar weights as a function of elution volume.
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ture. As shown in Fig. 9, heating a solution of decorin to a temperature
above the Tmwas accompanied by a reduction in light-scattering intensity
and a 2-fold reduction in molar mass (i.e. a transition from dimer to mon-

omer). On cooling, there was an immediate and sharp increase in light-
scattering intensity accompanying the reformation of the dimer. This
experiment was repeated three times with the same result.

DISCUSSION

Here we show that biglycan, like decorin, is dimeric in solution and
crystallizes as a dimer. This is in agreement with a previously published
ultracentrifugation study that demonstrated dimerization of biglycan
(39). The biglycan dimer closely resembles that of decorin, and there is
high conservation of residues at the interface. These residues are also
conserved in asporin, the third Class I SLRP, strongly suggesting that all
three dimerize in the same way. However, the biglycan dimer does have
some unique features, including a histidine-lined pocket that is likely to
provide a binding site for a complex anion. Alignment of the sequences
of the three Class I SLRPs (decorin, biglycan, and asporin), with the
residues that become buried as a consequence of dimerization boxed, is
shown in Fig. 10. The degree of conservation of these residues (72%
identical and an additional 17% similar) ismuch greater than that for the
protein cores as a whole (42% identical and an additional 33% similar).
One notable difference is the replacement of Arg-28 in decorin byGly in
both biglycan and asporin. In decorin, this Arg residue adopts a rather
unusual strained �L conformation and forms a salt bridge with Asp-200
of the other protomer. The lack of this particular interaction might
account in part for the slower refolding of biglycan. It would be of
considerable interest to carry out the physical studies described here for
decorin and biglycan, on asporinwhen that protein becomes available in
sufficient amounts.
The solution x-ray scattering data obtained for decorin (24) show that

the flexible N-terminal segments of the protein core direct the GAG
chains away from it so that they mix with solvent. Because we saw no
electron density that could be assigned to the GAG chain stubs left by
the action of chondroitin ABC-lyase, in either decorin or biglycan, we
assume that these do not interact with the protein cores or contribute to
the stabilities of the dimers.
Decorin and biglycan are both very easily denatured, as reflected in

the low concentrations of GdnHCl required and in the low Tm (45–
46 °C). The net stabilities estimated from the denaturation curves for
the two samples studied here (� �1.6 and �1.9 kcal.mol�1) are quite
similar and both values are much lower than those for many globular
proteins (41). We do not yet know whether this low stability has any

FIGURE 7. Thermal denaturation of decorin and
biglycan monitored by circular dichroism.
Spectra recorded at 60 °C (solid lines) for decorin
(A) and biglycan (C), and after subsequent cooling
to 25 °C (dotted lines). Panels B and D show dena-
turation curves for decorin and biglycan, respec-
tively. The solid line in panel B shows the fit of a
sigmoid curve to the data for decorin.

FIGURE 8. Thermal denaturation of decorin studied by microcalorimetry. The sample
concentration (expressed as dimer) was 11.7 �M. Four successive up-scans are shown super-
imposed in panel A. B, fit of calculated to experimental data assuming that the cooperative
unfolding unit is either a monomer (dashed line) or a dimer (dotted line). To prepare the raw
data for fitting, a flat baseline was drawn under the curves in panel A, thus treating �Cp as
zero. C, effect of reduction of disulfides on the reversibility of thermal denaturation of
decorin, as assessed by microcalorimetry: the first (solid line) and second (dashed line) up-
scans are shown for decorin (11.7 �M) in the presence of 100 �M Tris(2-carboxyethyl)phos-
phine HCl.
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physiological significance, but it could obviously affect the interpreta-
tion of functional studies such as those using mutagenesis to probe the
determinants of biological activity. Conclusions from such studies on
decorin and biglycan should be treatedwith caution unless supported by
evidence for unaltered three-dimensional structure and stability of the
mutant proteins.
We found that biglycan underwent irreversible self-aggregation on

heat denaturation, whereas the heat denaturation of decorin was com-
pletely reversible. Nevertheless, the initial thermal stability of biglycan

seems to be comparable to that of decorin, as changes in the CD spectra
become apparent at the same temperature (i.e. just above 37 °C). Inter-
estingly, the CD spectra of biglycan and decorin at 60 °C differ: that for
decorin is essentially featureless above 200 nm, whereas the negative
peak near 208 nm observed for biglycan might indicate retention of
some secondary structure, possibly stabilized by self-aggregation.
Reversible heat denaturation of decorin was confirmed in several inde-
pendent experiments using both differential scanning calorimetry and
CD spectroscopy. The unchanging values for Tm and enthalpy, meas-
ured from four successive up-scans in the calorimeter, show that the
same species is involved in the transition each time. This was confirmed
by CD spectroscopy, which showed that the secondary structure of
decorin recovered from the calorimeter after cooling was identical to
that of the starting material. This reversible denaturation of decorin
allowed us to undertake additional experiments that were not possible
with biglycan.
The reversibility of the denaturation of decorin reported here is in

marked contrast to the reported behavior of a sample of recombinant
decorin produced in a vaccinia virus/T7 bacteriophage expression sys-
tem (42). Those investigators found that their urea-denatured recom-
binant decorin did not recover secondary structure on dialysis against
urea-free buffer, whereas here we demonstrate complete recovery after
exposure to GdnHCl. Neither did their decorin recover after heating to
60 °C, whereas here we demonstrate complete refolding after four (or
more) cycles of heating and cooling. It is possible that the lack of one or
more disulfides is responsible for the reported inability of their decorin
to refold, as we have shown here that disulfide bonding is of critical
importance in this process. Indeedwe suggest that the ability of samples
to refold completely after denaturation in chaotropes represents a good
quality control for decorin and biglycan.
Three different sets of experiments provide strong evidence that dimer-

ization is essential for the structural stability of decorin and biglycan;
indeed, in all our experiments we never found any evidence for the exist-
ence of folded monomers. Firstly, the rate of refolding of decorin and
biglycan after denaturation in 2.5 M GdnHCl was concentration-de-
pendent, with both refolding more slowly in more dilute solutions. This

FIGURE 9. Molecular weight of decorin monitored as a function of temperature by
stopped-flow chromatography and multiangle laser light scattering. A, refractive
index (solid line) and light-scattering (broken line) detector signals. B, temperature (solid
line) and molecular weight (upper plot). Arrowheads indicate the times at which buffer
flow was stopped and restarted. The strong light scattering peak at Vo is due to the
presence of a small amount of particulate material or high molecular weight aggregate.
Its separation from the main dimer peak ensures that it does not interfere with the
molecular weight determination of the latter (24).

FIGURE 10. Alignment of the amino acid se-
quences of bovine decorin (Dcn), bovine bigly-
can (Bgn), and human asporin (Asn). Residues
that are known (in decorin and biglycan) or postu-
lated (in asporin) to become buried as a conse-
quence of dimerization, are shown in boxes.
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shows that renaturation cannot be a purely unimolecular process. Sec-
ondly, the good fit of a two-state model to the calorimetry data strongly
suggests that the cooperative unfolding unit is a dimer and that dena-
turation and dissociation are inseparable processes, as are refolding and
dimerization. Thirdly, compelling data were obtained by measuring
light scattering during the thermal denaturation and renaturation of
decorin. This showed that the molecular weight of the decorin halved
(i.e. there was a dimer to monomer transition) exactly coinciding with
thermal denaturation, and transition from monomer to dimer exactly
coincided with renaturation during cooling. Therefore, the folding is
dependent upon dimerization and, given the low net stabilities of the
dimers of decorin and biglycan, it is unlikely that either protein core
could exist in a folded state at 37 °C without the stabilization energy
conferred by dimerization. Although this dependence on dimerization
for stability may be unusual, it is by no means unknown, interleukin-10
being one other example of a protein that may not exist as a folded
monomer (43).
Goldoni et al. (26) claimed that “biologically active” decorin is amon-

omer in solution. However, our data show that decorin and biglycan
must be dimeric to be in a folded state, implying that their decorin was
either unfolded (and its reported biological activity not dependent upon
the folding) or that it was in fact dimeric. Both are possibilities, because
no data were presented on the secondary structure of the decorin of
Goldoni et al., and the techniques used to determine oligomerization
state (chemical cross-linking, MALDI-TOF mass spectrometry, and
gel-filtration chromatography using globular protein standards) are not
as robust as the biophysical and structural techniques used here and in
our previous work (24, 25, 27). Those authors found that relatively high
concentrations of cross-linking agents were required to cross-link
decorin compared with other known dimers, such as the epidermal
growth factor receptor, and concluded that the decorin was mono-
meric. However, the ability to cross-link depends far more on the avail-
ability of appropriately spaced lysine residues than on the concentration
of cross-linker and inspection of the crystal structure of the decorin
dimer (PDB code 1XEC) shows that only 2 of 54 lysine residues
approach close enough to possibly cross-link the dimer. Therefore this
argument is weak. Mass spectrometry gives data about oligomerization
state in vacuo, not in solution. Moreover, samples for MALDI-TOF
mass spectrometry experiments were prepared in 10 mg/ml sinapinic
acid in 30% (v/v) acetonitrile. Decorin is denatured at low pH5 and will
therefore be monomeric under these conditions. The third line of evi-
dence came from gel-filtration experiments where it was shown that the
Kav for decorin core protein on a Superose 6 column is 0.62, and, by
comparison with globular protein standards, it was concluded that
the molecular mass (�55 kDa) was consistent with a monomer. We
obtained the identical Kav for decorin core protein on a Superose 6
columnbut showed by light scattering that this corresponds to amass of
84.6 	 4 kDa, i.e. it is unequivocally a dimer (24).

One limitation of the present work is that here we have studied only
pure decorin and biglycan in solution. While seeming unlikely on ener-
getic grounds, it is theoretically possible that these dimers dissociate
(and possibly unfold), on binding to other extracellular matrix macro-
molecules. Nevertheless, the structures we have determined have
important implications for understanding how these macromolecules
interact with their biological ligands, as discussed elsewhere (45).
In conclusion, we have demonstrated that biglycan forms stable

dimers in solution and crystallizes as dimers. Furthermore, we could not
find any evidence that folded decorin or biglycan exist as monomers in

solution. The requirement of dimerization for native folding and stabil-
ity suggests a novel role for the parallel�-sheet face of these and possibly
other SLRPs and LRR proteins, namely self-recognition and structure
stabilization. The elucidation of the structures of these SLRPs gives new
impetus to studies on their ligand binding and dimerization and pro-
vides a possible explanation for their affinity toward a variety of dimeric
ligands such as the transforming growth factor-� and the epidermal
growth factor receptor (7, 44).
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